The presence of an endogenous transcriptase in purified lettuce necrotic yellows virus (LNYV) particles has been confirmed. The enzyme requires a temperature of 22 °C, a pH value of 7"7, a detergent and Mg 2+ concentration of o'o25 % and 4 raM, respectively, for maximal synthesis of RNA; Zn 2+, Ca 2+ or Mn ~+ inhibited the activity. The chelating agents ethylenediaminetetra-acetic acid (EDTA) and ethylcneglycolbis(2-aminoethylether)tetra-acetic acid (EGTA) stimulated the reaction, and in their presence the optimal Mg 2+ concentration was higher. The in vitro transcription products of LNYV hybridized to the virus genome. After treatment of the virus with a non-ionic detergent the transcription complex could be separated by gradient centrifugation into two inactive fractions, the pellet and the upper part of the gradient. The activity could be restored by combining the two fractions.
INTRODUCTION
Most bacilliform and bullet-shaped viruses infecting animals, plants and insects are considered to be members of the rhabdovirus group (Howatson, I97O; Francki, 1973 )-These viruses are characterized by the possession of enzymic activity which transcribes the virus RNA into complementary RNA molecules (Baltimore et al. t97o ) . The transcriptases in rhabdoviruses infecting animals, especially that of vesicular stomatitis virus (VSV), have been intensively studied (Wagner, I975) , but transcriptase activity in plant rhabdoviruses has only been described and analysed for lettuce necrotic yellows virus (LNYV) (Francki & Randles, i972; Francki & Peters, I978) . Some activity has been found in purified preparations of broccoli necrotic yellows virus and Sonchus yellow net virus (Peters et al. 1978) but not in those of either potato yellow dwarf virus or sowthistle yellow vein virus (R. R. MacLeod, personal communication; M. G. Schultz & D. Peters, unpublished results) .
The activity of the enzyme present in LNYV preparations was demonstrated in an assay system similar to that used for VSV (Baltimore et al. I97O; Francki & Randles, I972) . Apart from investigating the effect of Mg ~+ ion concentration (Francki & Randles, 1972) no attempts were made to optimize the conditions for transcription of LNYV RNA into complementary RNA. In this paper we confirm the occurrence of transcriptase activity in LNYV and describe further characterization of the enzyme and its products. Purification of the virus. Infected leaves (50 to 60 g) were harvested between II and I7 days after inoculation and ground with I5O ml o.I M-tris-maleic acid (TM) buffer, pH 7"4, containing o.I % bovine serum albumin (TMB) for I rain in a Braun homogenizer. After filtration through cheesecloth, the extract was centrifuged for 5 min at 7ooo g. The supernatant was filtered through a celite pad (3o g) after addition of IO g celite (Hyflo Super Cel) and I g activated charcoal and the filtrate was centrifuged for 6o min at 25ooo g. The pellets were dissolved in 2 ml TM buffer and the suspension incubated for I h at 4 °C with IO drops of antiserum prepared in rabbits against a membrane fraction from healthy N. glutinosa plants. After removal of flocculated material (3ooo g for Io min) the extract was layered on a linear 5 to 4o% sucrose gradient and centrifuged at 5oooo g for 25 min. The virus which was found in two bands, was collected, diluted with TMB buffer and concentrated into a pellet at 2oooo g for 75 min. The virus was finally suspended in o'5 ml concentrated assay buffer (5o mM-tris-HC1, pH 7"7, 9o mM-MgCI~ and 33 mM-2-mercaptoethanol).
Assay of transcriptase activity. The reactions in the early experiments were performed in the assay system used by Francki & Randles (I972). In later experiments the reaction mixture contained per 3oo #1:I5/zmol tris-HCl, pH 7"7, 27 #mol KC1, 1-8/zmol MgC12, o-6/zmol EDTA, I/zmol 2-mercaptoethanol, o.2 #mol each of ATP, CTP and GTP, o-oz #tool UTP and 3 #Ci 3H-UTP (I4 o #Ci//zmol; The Radiochemical Centre, Amersham, U.K.) and o.2 % Nonidet P4o (NP4o), kindly provided by Shell, Rotterdam, The Netherlands.
The mixtures were incubated at 22 °C for I h in capped tubes. Duplicate samples of I ZO/zl were removed, added to 5o/zl of I mg/ml bovine serum albumin (BSA) and the reaction terminated by mixing with 3 ml cold IO% trichloroacetic acid (TCA). After at least 45 min on ice, the TCA-insoluble material was transferred to glass micro fibre paper discs (GFC, Whatman, Maidstone, U.K.) washed with 2o ml of cold 5 % TCA, 4o ml of cold o'5 % TCA and 5 ml of cold 96% ethanol. The discs were dried and transferred into 7 mI of Insta-Fluor (Packard Instrument Co., Downers Grove, Ill., U.S.A.). The radioactivity was counted in a Packard liquid scintillation spectrophotometer at an efficiency of 3o to 40 %.
Isolation of LNYV RNA and 3H-labelled RNA. RNA from purified virus was extracted with TM buffer-saturated phenol containing I O % m-cresol and o. 1% 8-hydroxyquinoline. The phenol extraction was repeated three times. The aqueous phase was extracted five times with 2 vol. of ether and the RNA was precipitated at -2o °C by the addition of 2-5 vol. of Io0% ethanol. The precipitate was collected by centrifugation for 15 min at 7ooog and resuspended in distilled water, all-labelled RNA was synthesized in vitro under optimal conditions (see Results) and after 9o min of incubation the reaction mixture was freed of nucleocapsids by centrifugation for I h at IO5OOOg'. The mixture was made o'5% with respect to SDS and the RNA extracted with phenol saturated with 2o mM-tris-HC1 buffer, pH 8"5, containing o.I M-NaCI and I mM-EDTA for 30 rain at 4 °C. The aqueous phase was collected and the RNA percipitated at -2o °C by 2"5 vol. of lOO% ethanol after addition of 5o/zg of yeast RNA carrier. The RNA was suspended in 3oo #1 of 2o mM-tris-HC1 buffer, pH 7"6, containing I mM-EDTA and o'5% SDS, and freed from residual 3H-UTP by passage through Sephadex G5o. The 3H-labelled RNA, eluted with the void Transcriptase activity of LNYV 127 volume, was precipitated at -2o °C by the addition of 2"5 vol. of IOO % ethanol. The RNA was collected by centrifugation for I h at 7ooo g, suspended in distilled water and stored at --20 °C.
RNA annealing. Samples of SH-labelled product RNA (about I5OO ct/min) were added to increasing amounts of virus RNA in reaction mixtures containing 2-5 x SSC (I x SSC being o-i 5 M-NaC1, o'oi 5 M-sodium citrate, pH 7.o) and I mM-EDTA. The mixture was incubated for 4 h at 65 °C and then divided into two samples, one being chilled directly and the other chilled following digestion with 2o/~g RNase A and IO units RNase T 1 for 3o min at 25 °C. Undigested RNA was precipitated with lO% cold TCA following addition of 5o #g BSA and 5o/zg yeast RNA and the radioactivity counted as described above.
Analysis of product RNA by polyacrylamide gel electrophoresis. Product RNA was analysed by polyacrylamide gel electrophoresis in cylindrical gels (o'5 x 6 cm) of 2-5°/0 polyacrylamide for ~ h at room temperature. The samples were boiled for 3 min before electrophoresis. Cowpea chlorotic mottle virus (CCMV) RNA, kindly supplied by Dr B. J. M.
Verduin, was used as marker (Reynders et al. I974) and all gels were scanned at 26o nm before freezing and slicing into I mm slices. The slices were digested in o'5 ml of 3 ° 0/0 hydrogen peroxide and 5 ° #1 of aqueous ammonia at 4o °C and the radioactivity in the digests was counted in IO ml of a scintillation solution (Hydro Luma; Packard).
Dissociation and reconstitution of the transcriptase activity. Virus particles were disrupted
by mixing i25 #1 of virus in 2 x TD (TD contained 2o mM-tris-HCl, pH 7"6, and 3"5 mMdithiothreitol) containing Io mM-EDTA with z5 #l 6o% glycerol, 25 #1 I2°/0 NP4o and I25 #1 3 M-NaC1. After 2o min at o °C, 30o/zl of TD buffer were added. The suspension of disrupted virus particles was layered on a glycerol gradient, made by layering I ml solutions of 15, 2o 25 and 3o% glycerol in a 5 ml tube (Spinco SW5o. I) and centrifuged for 3 h at IO5OOO g. The gradient was sampled into IO fractions; each fraction was dialysed against I/3 × TD buffer containing 3o% glycerol at 4 °C overnight, while the pellet was dissolved in o.o2 M-tris-HC1 buffer, pH 7"7-The pellet, the supernatant fractions and mixtures of pellet and the supernatant fractions were assayed for transcriptase activity.
RESULTS

Properties of the transcriptase activity
Incorporation of 3H-UMP into an acid-insoluble product occurs when the reaction mixture contained virions, NP4o, all four ribonucleoside triphosphates (Table I) and Mg ~+ ions. 3H-UMP incorporation is completely inhibited by ribonuclease, but not by deoxyribonuclease, actinomycin D or rifampicin (Table I) . These results suggest that RNA is the template for this reaction and confirm previous reports (Francki & Randles, 1972) .
Effect of divalent ions
The optimum concentration of MgCIz was found to be 4 mM (data not shown); no activity could be detected in its absence. Mg 2+ could not be replaced by Mn 2+ which completely inhibited the transcriptase activity. If z or 4 mM-MnC12 was added the activity was reduced from 5766 ct/min to 97 and 26 ct/min, respectiyely, at a MgCI~ concentration of 4 mM.
The transcriptase of LNYV was also inhibited by ZnC12 and CaCI2 (Fig. I a) . Zn 2+ ions appeared to be a more effective inhibitor than Ca 2+. At a concentration of o.2 mM-ZnCI~, the reaction was completely blocked, whereas no activity was detected at CaCI~ concentrations higher than 3 mM.
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Effect of chelating agents
The effects of divalent ions on the reaction led us to study the influence of EDTA and ethyleneglycolbis(2-aminoethylether)tetra-acetic acid (EGTA) on the incorporation of *H-UMP into TCA-precipitable products. As shown in Fig. I (b) , EGTA, which has a high affinity for Ca 2+, Cu z+ and Zn 2+ ions (Marhol & Cheng, ~970) , stimulated the activity at low concentrations with no further increase in activity when the concentrations exceeded oq mM. EDTA present in low concentrations also stimulated incorporation, but a strong inhibition was observed at concentrations higher than 2 mM (Fig. 2a) . This observation may reflect that low concentrations of EDTA chelate divalent ions inhibitory to the reactions whereas higher EDTA concentrations will also chelate Mg 2+ ions. Thus, in the presence of EDTA, an optimal transcriptase activity should occur at higher concentrations of Mg 2+ ions. This was investigated using EDTA at 2 mM and increasing concentrations of MgC12 (Fig. 2b) . In the presence of EDTA the optimal Mg 2+ concentration was higher and the incorporation of 3H-UMP increased by 3 ° to 5o % compared with a reaction mixture lacking EDTA.
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Effect of monovalent cations
The enzyme was active up to concentrations of approx, zoo mM-NaC1, KC1 or NH4C1 (Fig. 3 a) , and the optimal activity was found at concentrations of approx. IOO mM of these salts. The highest activity was obtained with K + ions and the lowest with Na + ions. The effects of counter-ions on the activity were not studied. 
Effect of Nonidet P4 o
The transcriptase could be activated with NP4o and Triton X-ioo but only the effect of various concentrations of NP4o on the transcriptase activity of LNYV was studied (Fig. 3 b) . A concentration of 0"05 to 0.25 % gave optimal enzyme activity for LNYV. Concentrations of NP4o above 0-25 % were increasingly inhibitory.
Optimal conditions of some physical parameters
The effect of the temperature on the activity was measured. As shown in Fig. 4 (a) the optimal temperature is 22 °C. A time course curve (Fig. 4b) showed that the reaction followed linear kinetics through the first 60 to 75 min; after 75 min almost no increase in incorporation could be observed. A decline in activity was also observed after 6o min by Francki & Randles 0972). The pH optimum for RNA synthesis was tested by using trisHCl-buffered solutions at pH values determined at zz °C (Fig. 4c) . The enzyme had a pH optimum of 7"7 to 7"8 with half-maximal activities obtained at pH 7"3 and 8"3 which represented a somewhat broader range than that observed for the RNA transcriptase associated with virions of VSV and Kern Canyon virus (KCV) (Aaslestad et al. I970. 
Effect of storage of purified LNYV preparations on the transcriptase activity
Samples of a purified preparation of LNYV in assay buffer were stored at 4 and -zo °C. third sample dissolved in assay buffer containing 25 % glycerol, was stored at -2o °C. i I or 2 day intervals the samples were tested for their infectivity and transcriptase activity able 2). Preparations in assay buffer stored at 4 and -2o °C completely lost their infec-'ity and almost all their transcriptase activity within 3 days, whereas the sample stored -20 °C in 25 % glycerol retained activity over this period. These results show that the 'ectivity of LNYV is closely correlated with the transcriptase activity and also that tcerol helps to preserve the virus. A favourable effect of glycerol could also be demon-'ated in experiments in which the incorporation of 3H-UMP was compared with and thout glycerol 0o%) in the reaction mixtures (Table 3) . Addition of glycerol markedly :reased the incorporation.
Properties of the in vitro synthesized product RNA
More than 96% of all-labelled product RNA was sensitive to RNase. Thus, the RNase ;istance of the 3H-product RNA alone was less than 4%. This may be due to the presence some small fragments of virus RNA in the 3H-labelled RNA preparation. Other possibles such as the occurrence in the reaction mixture of an RNA-dependent RNA polymerase talysing the synthesis of a double-stranded (ds)RNA (Duda et al. T973 ) cannot be zluded. After annealing with virus RNA, about 95% of the 3H-labelled product RNA ts RNase resistant (Fig. 5 a) . The size of the molecule synthesized in vitro was analysed by SDS-polyacrylamide gel electrophoresis. Several RNA bands were detected which varied somewhat in size from one experiment to another. As shown in Fig. 5(b) the RNA product contained six bands which had mol. wt. between o-8 x io 6 and o'o5 x lO 6 while in another experiment, in which six similar bands were found, the mol. wt. varied between o'58 x io 6 and o'o7 x io 6, indicating some degradation of synthesized RNA during transcription.
Material occurring at the top of the gel was not found when the extract of 8H-labelled RNA was boiled for 3 min, indicating that some dsRNA was present in the extracts.
Dissociation and reconstitution of the transcriptase activity
Treatment of LNYV with I ~o NP4o results in the activation of an RNA polymerase present in the virus preparation. After such treatment in the presence of I ~-NaCI and subsequent centrifugation through a glycerol gradient, a supernatant and a pellet fraction were obtained. The supernatant contained the G and M protein and the pellet fraction contained most of the N protein (data not shown). No transcriptase activity was found in any of the IO fractions into which the supernatant was divided or in the pellet fraction (Fig. 6 ). However, transcriptase activity was restored following addition of pellet samples to supernatant fractions. Reconstitution occurred with the top five fractions of the supernatant only.
DISCUSSION
We have confirmed the report by Francki & Randles (I972) that an RNA-dependent RNA transcriptase activity is found in LNYV, a plant rhabdovirus. The product is singlestranded RNA as shown by its sensitivity to RNase before annealing. The results of the hybridization experiments indicate that the product has base sequences complementary to LNYV RNA and shows that LNYV, like the other rhabdoviruses studied, possess a transcriptase which can convert the RNA of LNYV to complementary sequences. The transcripts varied in tool. wt. between 0.8 × IO 6 and o'o5 x lO 6, indicating that they are much smaller than LNYV RNA, which has a mol. wt. of approx. 4 x io ~ (Francki & Randles, 1973) . The larger in vitro products have the size of messenger-RNA but, whether they actually function as messengers has not been tested. The transcripts which have a' sub-
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~ 33 messenger size' may arise by degradation by traces of RNase during incubation. Francki & Randles 0973) also suggested the presence of RNase in the incubation mixture to explain the occurrence of a large proportion of low mol. wt. transcripts in their preparations. LNYV transcriptase is active for 75 min of incubation at 22 °C and pH 7"7 in our standard reaction mixture. The transcription of LNYV RNA is more enhanced by K + ions than by Na + ions, whereas NaCI or KC1 had about the same effect on the transcriptase of VSV (Baltimore et al. r97o ) . The temperature optimum is22 QC for LNYV, a value similar for that of spring viraemia virus of carp (Roy & Clewley, t978) , but lower for those of VSV (3o °C) (Aaslestad et al. I97I ) and higher for those of infectious haematopoietic necrosis virus 08 °C) and the virus of haemorrhagic septicaemia (t5 °C) (McAllister & Wagner, I977) . The optimum concentration of MgCI 2, 4 raM, is somewhat lower than the 8 mM found for VSV and KCV (Aastestad et al. I97t) . Notwithstanding these small differences it is suggested that the properties of the LNYV transcriptase are comparable to those of other rhabdoviruses such as VSV and KCV.
Mn 2+, Ca 2+ and Zn ~+ inhibited the reaction, with Zn 2+ ions appearing to be a very potent inhibitor. The stimulating effects of EGTA and small amounts of EDTA suggest that preparations of purified virus may themselves contain small amounts of divalent ions which have inhibitory effects on incorporation. A protective effect of EDTA and EGTA has already been shown in studies on the thermal inactivation of rabies virus (Michalski et al. I976) .
The results reported here on the LNYV-associated transcriptase do not answer the question of why attempts to demonstrate transcriptase activity in other plant rhabdoviruses have so far failed. Divalent cations, which may be present in preparations of these viruses, could inhibit the reaction. Recently, Francki & Peters (I978) obtained evidence that a cell-free extract of healthy N. glutinosa contained a membrane-bound inhibitor of the LNYV transcriptase activity. Partially purified preparations of Sonchus virus and Sonchus yellow net virus from infected N. glutinosa inhibited the LNYV transcriptase completely (unpublished results). This observation suggests that some inhibitors may be present in preparations of other plant rhabdoviruses. A study of the nature of the inhibition may be necessary before the transcriptase of other plant rhabdoviruses can be studied.
Following dissociation of LNYV particles by the combined action of a neutral detergent and a high concentration of salt, the transcription complex could be split by centrifugation on gradients into two inactive fractions. The activity could be restored by combining the pellet and the upper part of the gradient. These results indicate some similarities between LNYV and VSV whose transcription complex can also be separated into two inactive fractions and reconstituted in a similar fashion by combination of these fractions (Emerson & Wagner, ~97~) . This contrasts with rabies, the transcriptase complex of which is not completely dissociated (Kawai, 1977) . Emerson & Yu (I975) have shown that the proteins L and NS are able to rebind to the ribonucleoprotein complex after dissociation and separation. Thus far, we were not abte to establish which proteins function as the transcriptase.
